A new procedure for smoothing a gamma-ray burst (GRB) lightcurve and calculating its variability is presented. Applying the procedure to a sample of 25 long GRBs, we have obtained a very tight correlation between the variability and the peak luminosity. The only significant outlier in the sample is GRB 030329. Possible causes for the outlier, as well as a comparison to previous results, are discussed.
INTRODUCTION
Despite many exciting progresses in observations, the nature of Gamma-Ray Bursts (GRBs) remains to be a big puzzle [see van Paradijs et al. (2000) and Piran (2004) for recent reviews]. In such a situation, it is extremely important to identify some good correlations between the apparent (easy to measure) and intrinsic properties of GRBs. Several such correlations have indeed been found. For example, an anticorrelation between the the peak luminosity and spectral lag of GRBs has been found by Norris et al. (2000) , and a correlation between the peak luminosity and the variability of GRB lightcurves has been found by Fenimore & Ramirez-Ruiz (2000, hereafter FR00) and Reichart et al. (2001, hereafter R01) . A correlation between the total isotropic energy and the peak energy of the spectrum (Amati et al. 2002) , or the collimation corrected total energy and the peak energy of the spectrum (Ghirlanda et al. 2004) , has also been discovered.
Recently, Guidorzi et al. (2005, hereafter G05 ) tested the correlation between the variability and peak luminosity of GRBs, using an expanded sample of 32 GRBs with measured redshifts. The definitions of the variability and the peak luminosity are the same, but the size of the GRB sample of G05 is about three times bigger than that of R01. The existence of a correlation was confirmed, but the scatter in the correlation is significantly larger than that found by R01. Although the issue is in debate Reichart & Nysewander 2005; Reichart 2005) , it is clear that with the definition of variability given by R01, the correlation between the variability and the peak luminosity is not tight.
In this Letter, we present a new definition for the variability of GRB lightcurves. We then apply it to a sample ⋆ E-mail: lxl@mpa-garching.mpg.de; bp@astro.princetion.edu of 25 long GRBs with measured redshifts, whose data are publicly available. We show that, with the new definition of the variability, the correlation between the variability and the peak luminosity of GRBs is significantly improved: the data scatter is considerably reduced.
NEW DEFINITION OF THE VARIABILITY
To measure the variability of a lightcurve, first we must define a reference lightcurve. The reference lightcurve should be sufficiently smoother than the original raw lightcurve. Since an ultimate model for GRBs does not exist yet, there is no first principle guiding us in choosing a reference lightcurve. What people usually do is to smooth the raw lightcurve with a linear "box car" filter (or moving window), which smoothes the lightcurve with linear average (FR00; R01).
Here we use a Savitzky-Golay filter (Press et al. 2002) to smooth a lightcurve. The Savitzky-Golay filter is a more general and more powerful approach in smoothing noisy data than the linear box car filter. The basic idea of Savitzky-Golay filtering is to approximate the underlying function (i.e., the reference lightcurve) within the moving window by a polynomial of higher order. An advantage of the Savitzky-Golay filter to the linear filter is that the former preserves high moments while the latter does not.
A Savitzky-Golay filter is specified by three numbers: the order of the polynomial (m), the number of points used to the left of a data point (nL), and the number of points used to the right of a data point (nR). To apply the Savitzky-Golay filter, the data must be binned with constant spacing. For details see Press et al. (2002) .
We use a third order Savitzky-Golay filter. That is, we set m = 3. The width of the filter, i.e. nP ≡ nL + nR + 1, is determined with the approach of R01: nP is set to be equal to the number of data points corresponding to a timescale T f -the time spanned by the brightest 100f % of the total counts above the background (for details see R01). It turns out that f = 0.5 most suits our purpose (rather than the f = 0.45 used by R01 and G05). So, throughout the paper we use nP determined by T0.5.
We then define nL = int[(nP − 1)/2], and nR = nP − nL − 1. If nP is odd, we have nR = nL, i.e. the filter is symmetric about the point to smooth. If nP is even, we have nR = nL + 1, the filter is nonsymmetric. In this case, we smooth the lightcurve twice: first we use the nL and nR defined above, then we switch nL and nR. The results are then averaged.
Suppose we have obtained a reference lightcurve by applying the Savitzky-Golay filter to the raw lightcurve. Let us denote the count of the raw data in the i-th time bin by Ci, the count given by the reference lightcurve by Yi. The total squared deviation of the raw lightcurve from the reference lightcurve is then
where N bin is the total number of bins to be summed. We obtain the intrinsic squared deviation by subtracting the Poisson noise NPoisson
(1)
The summation is from time t1 (corresponding to i = 1) to time t2 (corresponding to i = N bin ), enclosing a major part of the lightcurve. Following FR00 and R01, we define t1 to be the start of T90, t2 to be the end of T90, where T90 is the duration of the burst containing 90% of its total counts above the background (with 5% ahead of t1, 5% after t2).
The variability of the lightcurve is defined by the normalized squared deviation. We find that the following definition leads to the tightest correlation between the variability and the peak luminosity
where ∆C 2 /N bin is the average squared deviation, Cmax is the net peak count (i.e., the background is subtracted). Our definition of variability differs from that of FR00 and R01 in the following aspects: (1) Our variability is defined in the observer's frame, while the variabilities of FR00 and R01 are defined in the GRB's frame so the correction from the GRB redshift has to be included. (2) We normalize the variability by the squared peak count (the same as FR00), while R01 normalize the variability by the sum of squared counts. (3) FR00 and R01 use a linear box car filter, while we use a nonlinear Savitzky-Golay filter.
As we applied our smoothing procedure to the GRBs in the sample described in the next section, we found that the tightest correlation between the variability and the peak luminosity is obtained if we iteratively apply the Savitzky-Golay filter N f times, where N f is the integer closest to N bin /nP (i.e., N f is roughly the number of moving windows contained in T90).
DESCRIPTION OF THE SAMPLE
Our GRB sample contains 19 GRBs from the sample in G05, and 6 more GRBs detected by FREGATE/HETE-II and BAT/Swift. So, the total number of GRBs in our sample is 25. They are listed in Table 1 , with measured redshift, calculated variability, and calculated isotropic-equivalent peak luminosity. We have chosen to use the GRBs with data available publicly, which include GRBs detected by BATSE/CGRO, HETE-II, and BAT/Swift. 1 To obtain a reliable calculation of variability, we have only selected GRBs with more than 30% of total counts above the 3-σ of the background. As a result, those GRBs with too low signalto-noise ratios are not included in our sample.
The 19 GRBs from G05 are: 970508, 971214, 980425, 980703, 990123, 990506, 990510, 991216, 000131, 010921, 020124, 020813, 030328, 030329, 041006, 050401, 050505, 050525, and 050603. Their peak luminosities are taken from the same paper. The rest 13 GRBs in G05 are not included in our sample for various reasons: either their data are not publicly available (noticeably the 7 GRBs detected by Bep-poSAX but not by BATSE or HETE-II), or their data are incomplete or have too low signal-to-noise ratios. Although 050315 and 050319 in G05 were detected by BAT/Swift, their data were not available to us since as this letter was written the archive of Swift only contained data taken after 1 April 2005.
The 6 newly added GRBs are 030115a, 030528, 050408 (from HETE-II), 050802, 050803, and 050820a (from Swift). Their peak luminosities are calculated in exactly the same way as in R01 and G05. For GRBs detected by HETE-II, we used the spectral fit provided by Sakamoto et al. (2004) and the HETE website. For GRBs detected by Swift, peak spectra are extracted from their event files then fitted with a power law (in the energy range 15-350 keV).
Although Golenetskii et al. (2005) , Pal'shin et al. (2005) , and Cummings et al. (2005) have reported the detection of a second, larger episode of emission from GRB 050820a (by Konus/Wind and BAT/Swift, respectively), only the data for the first episode from Swift are available to us. Thus, for GRB 050820a, the variability and peak luminosity listed in Table 1 refer to its first episode (of duration ∼ 30 sec).
The time bin of each GRB lightcurve is as follow. For GRBs detected by BATSE, except 000131, the time bin is 64-ms during the burst. GRB 000131 does not have a 64ms lightcurve, so we use its 1.024-sec lightcurve. Although a bin of 1.024-sec is somewhat large, the duration of 000131 is about 100-sec which is much larger than its time bin. For GRBs detected by HETE-II, the time bin is 164-ms. While for GRBs detected by BAT/Swift, we extract 64-ms lightcurves from their event files available in the public data archive.
As we analyze the GRB lightcurves we use the total counts in the energy range specified as follow: 25-300 keV for GRBs detected by BATSE, 30-400 keV for those detected by HETE-II, and 25-350 keV for those detected by BAT/Swift. We have tried to make the range of energy for GRBs detected by different equipments have largest overlap. 
RESULTS
We have applied the smoothing procedure described in Section 2 to our GRB sample. The obtained variabilities and errors are listed in Table 1 . The errors of variability are principally caused by photon noises. However, the uncertainties arising from changing N f (see Section 2) by ±1 are also taken into account. The peak luminosity vs. variability is shown in Fig. 1 . Clearly a very tight correlation between the two exists, with only one prominent outlier: GRB 030329. Given the large errors in its variability, it is unclear if GRB 980425-which is famous for its smallest redshift, lowest peak luminosity and least total energy, and association with SN 1998bw )-is off trend as in other kind of correlations (e.g., the total energy-peak energy correlation). In fact, the error in variability is larger than the variability itself for 980425 and 030528 (see Table 1 ).
We have made a least-χ 2 linear fit to log L−log V , where L is the peak luminosity in erg/sec. To take into account both the errors in L and V , we have made use of the program fitexy in Press et al. (2002) . Since the errors in log V are infinite for 980425 and 030528, these two GRBs do not contribute to the total χ 2 . GRB 030329 was not considered due to its offset. With 980425, 030329, and 030528 excluded, the total number of GRBs in the final sample to fit is 22. We have obtained the following result (the solid line in Fig. 1 )
where a = 3.24 ± 0.26 , b = 59.41 ± 0.54 .
The reduced chi-square χ 2 r ≡ χ 2 /dof = 1.91, where the degree of freedom dof = 22 − 2 = 20.
The smallness of χ 2 r indicates a very tight correlation between the peak luminosity and variability.
With the above fitting result, we can ask how far GRB 030329 deviates from the trend. The 1-σ deviation from the 0.001 0.01 solid line is shown by two dashed lines in Fig. 1 . So, GRB 030329 is offset from the solid line by about 2 σ. Possible causes for the offset of 030329 are discussed in the next section.
CONCLUSIONS AND DISCUSSION
We have presented a new definition for the variability of GRB lightcurves. The new variability is defined in the observer's frame, and the lightcurve is smoothed with the Savitzky-Golay filter. The former makes it easy to apply the procedure to all GRBs with well measured lightcurves (i.e., with a significant signal-to-noise ratio, and a reasonable size of time bin-neither too large to erase the variability on short timescales, nor too small to introduce too large Poisson noises), without referring to the redshift information.
We have applied our smoothing procedure to a sample of 25 long duration GRBs with measured redshifts and publicly available data. A very tight correlation between the variability and the peak luminosity is found, with only one prominent outlier: GRB 030329. Excluding 030329, 980425, and 030528 (the latter two are due to their too large errors in variability), a linear fit to the log of variability and the log of peak luminosity is obtained [eqs.
(3) and (4)], with χ 2 /dof = 1.91. The smallness of the reduced χ 2 indicates that the data scatter is very small (Fig. 1) .
Our results are a significant improvement to that of G05 (as well as that of FR00 and R01), who used a different definition of variability and obtained χ 2 /dof = 1167/30 = 38.9. Even if only the 19 GRBs that define the overlap of our sample and G05's are counted, it is clear from the Fig. 8 of G05 that their correlation has a much larger scatter than ours.
We note that, although the existence of a second, larger episode of emission from GRB 050820a has been claimed (Golenetskii et al. 2005 A remarkable feature of the correlation that we have found is that it does not rely on the correction from the collimation of GRB jets. In other words, the peak luminosity used above is the isotropic-equivalent peak luminosity. If this correlation is confirmed by future bursts, it will provide a convenient calibration to GRB distances.
GRB 030329, which is considered to be a firm case for the connection of GRBs with supernovae Hjorth et al. 2003b) , is offset from the correlation by 2 σ (Fig. 1) . Although the cause is not clear, we have noticed that 030329 and 050525 differ from other GRBs in the sample in the following way: their lightcurves consist of two distinctly separated pulses with each containing at least 30% of total counts. Motivated by this observation and the fact that GRB 050820a fits the relation well although only the first episode of its emission has been used, we have recalculated the variabilities of 030329 and 050525 by dividing the smoothing window by a factor of 2 (i.e., dividing the nP obtained from T0.5 by 2). We obtained V = 0.0022 ± 0.0003 for 030329, which well fits the solid straight line in Fig. 1 . For 050525, we obtained V = 0.0032 ± 0.0007, which fits the straight line equally well as the value listed in Table 1 . Whether this treatment is correct must be tested when more GRBs with lightcurves similar to that of 030329 and 050525 are available.
